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We performed two-photon in vivo imaging of
cerebellar climbing fibers (CFs; the terminal
arbor of olivocerebellar axons) in adult mice.
CF ascending branches innervate Purkinje cells
while CF transverse branches show a near com-
plete failure to form conventional synapses.
Time-lapse imaging over hours or days revealed
that ascendingbrancheswere very stable. How-
ever, transverse branches were highly dynamic,
exhibiting rapid elongation and retraction and
varicosity turnover. Thus, different branches of
the same axon, with different innervation pat-
terns, display branch type-specific motility in
the adult cerebellum. Furthermore, dynamic
changes in transverse branch length were al-
most completely suppressed by pharmacologi-
cal stimulation of olivary firing.
INTRODUCTION
Structural rearrangements of axons and dendrites are cru-
cial for the development of functional neuronal circuits. In
some regions of the brain, structural plasticity of neurons
is retained in adulthood and can be influenced by experi-
ence (such as learning, sensory enrichment, or depriva-
tion) (Darian-Smith and Gilbert, 1994; Jones et al., 1997;
Knott et al., 2002; Rampon et al., 2000) and biological
rhythms (such as hibernation or estrus cycle) (Popov and
Bocharova, 1992; Popov et al., 1992; Woolley et al.,
1990). Classically, these experiments relied upon analysis
of fixed tissue which necessitated between-animal com-
parisons. However, experiments of this type can only de-
tect widespread changes at a single time point following
external manipulation. More recently, the advent of two-
photon microscopy has made it possible to repeatedly
image the same neuronal structures in the superficial
portions of intact brain (Denk et al., 1990; Helmchen and
Denk, 2005). Time-lapse imaging of pyramidal neurons
in adult neocortex has shown that dendritic spines did
not show rapid motility, growth, or retraction over a short472 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier Inctimescale (over tens of minutes) (Grutzendler et al., 2002;
Trachtenberg et al., 2002). However, chronic imaging over
many days revealed the appearance and disappearance
of spines that could be modulated by sensory experience
(Grutzendler et al., 2002; Holtmaat et al., 2005, 2006;
Majewska et al., 2006; Trachtenberg et al., 2002; Zuo
et al., 2005a, 2005b). In addition, over weeks, dendritic
arbors of neocortical interneurons show dynamic rear-
rangement under basal conditions (no unusual sensory
stimulation or deprivation), indicating that even large-
scale structural rearrangement can occur in adult neocor-
tex (Lee et al., 2006).
Although less is known about the structural plasticity of
axons, recently, chronic time-lapse imaging of axons was
performed in the neocortex of adult mouse and monkey
(De Paola et al., 2006; Majewska et al., 2006; Stettler
et al., 2006). Repeated imaging over many days revealed
that some types of axons in neocortex remained dynamic
while other types of axons were largely stable under basal
conditions (De Paola et al., 2006). Thus, subclasses of
axons in adult brain are also motile on the time-scale of
days and the dynamic properties can be specific to the
presynaptic cell of origin.
These initial descriptions of axonal motility in the adult
brain are exciting but leave many questions unexplored.
Are dynamic axons found in regions of the adult brain
other than the neocortex? Do axons in the adult brain dis-
play motility on a faster time scale than days? Can differ-
ent branches of the same axon show different motility? Is
axon motility in the adult brain influenced by presynaptic
firing rate?
To address these questions, we used cerebellar climb-
ing fibers (CFs) as a model system. CFs are the terminal
branches of axons, originating in the glutamatergic cells
of the inferior olive. The main ascending branches of
CFs innervate Purkinje cells while the thin transverse
branches have been suggested, on the basis of light
microscopy, to innervate interneurons (Sugihara et al.,
1999). To study the dynamic motility of both the main
ascending and thin transverse branches of CFs in vivo,
we have used two-photon time-lapse microscopy to
monitor CFs in the cerebellar molecular layer of adult
mice, previously injected with a fluorescent tracer in the
inferior olive..
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Motility of Mature Climbing Fiber Axons In VivoFigure 1. Two-Photon Images of Dye-
Loaded CFs in the Cerebellar Molecular
Layer In Vivo
(A) The CF of an adult mouse was labeled with
olivary injection of Alexa Fluor 594 dextran and
subsequently imaged in vivo through a cranial
window. This is a projected image composed
of 88 z stacks taken at 2 mm intervals. R, rostral;
C, caudal; M, medial; L, lateral.
(B) A digital rotation of the CF image stack in (A)
to yield a sagittal view. The yellow dashed line
indicates the pial surface. Red asterisks indi-
cate non-CF labeling at the pial surface. D, dor-
sal; V, ventral.
(C) For comparison, this is a typical CF in a fixed
sagittal slice of rat cerebellum. The CFs were
labeled by olivary injection of Alexa Fluor 488
dextran (green) and the Purkinje cells were la-
beled by anti-calbindin-D-28K (red).
(D–F) Morphology of a typical imaged CF
in vivo. (E and F) are a higher magnification
view of the area outlined by red and yellow
dashed boxes in (D), respectively. Images
were taken through a cranial window. Red ar-
rowheads in (E) indicate short horizontal con-
necting branches between the two ascending
branches running roughly in parallel. Yellow
arrowheads in (F) indicate the transverse bran-
ches. (G) Histogram showing the number of
varicosities on the ascending and transverse
branches as a function of size. Insets show
the average size of varicosities and the inter-
varicosity interval on the ascending and trans-
verse branches.
Error bars indicate standard error of mean.RESULTS
Imaging CF Ascending and Transverse Branches
In Vivo and in Fixed Tissue
Olivocerebellar axons were labeled with the anterograde
fluorescent tracer dextran-conjugated Alexa Fluor 594.
An injection wasmade into the inferior olive, and, following
a 4–7 day interval, two-photon microscopy was used to
image the labeled axons in the cerebellar molecular layer
of adult anesthetized mice (Figure 1). Labeled axons
formed thick terminal arborizationswithin a narrow sagittal
band (Figure 1A) and expressed dense terminal and en
passant varicosities (Figures 1A and 1D–1F), which were
consistent with previously characterized CF morphology
(Rossi et al., 1991; Scheibel and Scheibel, 1954; Sugihara
et al., 1999). Digital rotation of the z stack to yield a sagittal
view revealed the well-known planar fan-shaped CFNarborization (Figure 1B) which is quite similar to CFs im-
aged in sagittal brain slices prepared from fixed tissue
(Figure 1C). In unmanipulated z-stack projections, yielding
a top-down view, the ascending CF branch was com-
posed of two fibers with dense varicosities, running
roughly in parallel, with intermittent short horizontal con-
necting branches (Figures 1D and 1E). The gap of the ‘‘lad-
der’’ was about 5–10 mm, which is consistent with the av-
erage thickness of the Purkinje cell primary and secondary
dendrites (Ito, 1984). Previouswork in fixed tissue has indi-
cated that this ladder structure represents CF ascending
branches that twist around the Purkinje cell dendrites as
they ascend, elaborating dense synaptic contacts (Hamori
and Szentagothai, 1966; Palay and Chan-Palay, 1974). In
addition to the ascending branches, closer observation re-
vealed that climbing fibers extend several thin branches of
various lengths that run in the transverse plane (transverseeuron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 473
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the transverse branches was much fewer than those on
the ascending branches (Figure 1G). In all, 25 varicosities
were found on 40 transverse branches with a total length
of 530.2 mm, yielding an average intervaricosity interval
of 20.4 mm. On the other hand, analysis of ascending
branch images in which varicosities did not overlap re-
vealed that 92 varicosities were found on 8 ascending
branch segments (total length of 389.1 mm) yielding an in-
tervaricosity interval of 4.2 mm. In addition, the average
size of varicosities on the transverse branches (1.47 ±
0.16 mm2, n = 25) was significantly smaller than those on
the ascending branches (2.04 ± 0.08 mm2, n = 148; p <
0.01, Student’s t test).
Previous work using light microscopy, following Golgi
staining (Scheibel and Scheibel, 1954) or olivary injection
of biotinylated dextran (Sugihara et al., 1999), has de-
scribed transverse branches with a maximum length of
about 20 mm, that sometimes appear to contact the so-
mata of molecular layer interneurons (Sugihara et al.,
1999). Transverse branches longer than 20 mm (as shown
here in Figure 1F) have not been previously reported. To
date, the synaptic targets of CF transverse branches
have not been defined. Electron microcopy has revealed
synaptic contacts between CFs and NG2-positive glial
cells (Lin et al., 2005), and close membrane appositions
between CFs and interneurons (Kollo et al., 2006) and be-
tween CFs and Bergmann glia (Matsui et al., 2005), but
it was not determined in these studies if these synaptic
contacts or membrane appositions were formed by the
transverse or the ascending branch of the CF. Similarly,
fast-rising CF-evoked EPSCs have been recorded in
Bergmann glia (Matsui and Jahr, 2003; Matsui et al.,
2005) and NG2-positive glial cells (Lin et al., 2005) but
the particular branch of the climbing fiber involved has
yet to be determined.
Is the transverse branch of the climbing fiber (which was
not described by many of the classical cerebellar neuro-
anatomists such as Cajal, Szentagothai, and Palay) an ab-
normal cellular structure that exists only in animals which
have sustained mechanical damages to the inferior olive
during dye injection? To address this concern, we used
a transgenic mouse that expresses a fluorophore in a sub-
set of climbing fibers: the bacterial artificial chromosome
(BAC) transgenic (Tg) mice that express tau-sapphire
green fluorescent protein (GFP) under the control of a neu-
ropeptide Y (NPY) promoter (Pinto et al., 2004). Unfortu-
nately, the fluorescent intensity of sapphire GFP in the
Tg mice was not sufficient for in vivo imaging, but GFP im-
munostaining in fixed horizontal slices showed strong im-
munoreactivity in a subset of CFs (Figure 2A). Both the
ascending and the transverse branches of the CF in intact
Tg mice were similar to the images obtained in vivo from
dye-injected mice, indicating that they were normal cellu-
lar structures (Figure 2B). Transverse branches showed
great diversity in total path length and trajectory. Some
ran straight in the molecular layer for more than a hundred
micrometers along the longitudinal axis (Figures 2B and474 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc2D), but others changed direction gradually or abruptly
(Figures 2B and 2C) in midpath. Importantly, the trans-
verse branches in fixed tissue had terminal and en passant
varicosities of various sizes, indicating that the varicosities
on the transverse branches observed in vivo were not
merely beaded fluorescent structures often seen in me-
chanically and/or photochemically damaged brain tissue.
Most CF Transverse Branches Lack Vesicular
Glutamate Transporters
We examined the biochemical characteristics of varicosi-
ties on both ascending and transverse branches by GFP
and vesicular glutamate transporter 2 (VGluT2) double im-
munostaining. VGluTs, consisting of three different sub-
types, are responsible for loading glutamate into synaptic
vesicles (Bellocchio et al., 2000; Fremeau et al., 2001,
2002; Gras et al., 2002; Schafer et al., 2002; Takamori
et al., 2000, 2001), and VGluT2 is expressed almost exclu-
sively at CF terminals in the molecular layer of adult cere-
bellum (Fremeau et al., 2001; Ichikawa et al., 2002). As
shown in Figures 2C and 2G, almost all varicosities
(96.2%) on the ascending branches were VGluT2 positive
irrespective of their size, consistent with previous reports
(Miyazaki et al., 2004). In contrast, most of the varicosities
(90.7%) on the transverse branches were VGluT2 nega-
tive, indicating that they were different from conventional
CF terminal boutons. Of 61 transverse branches exam-
ined, only four (6.5%) had VGluT2-positive varicosities.
(Figure 2E and see Figure S1 in the Supplemental Data
available with this article online). It should be noted that
the average size of the GFP-positive varicosities on both
ascending and transverse branches in the fixed brain sli-
ces was somewhat smaller than Alexa Fluor 594-labeled
varicosities imaged in vivo. This likely reflects both tissue
shrinkage during fixation and the reduced resolution that
accompanies in vivo two-photon imaging (Stettler et al.,
2006).
CF Transverse Branches Fail to Form
Conventional Synapses
To examine whether CF transverse branches form synap-
tic contacts and, if so, what is their targets, we applied
serial electron microscopy to the NPY-tau-sapphire GFP
BAC transgenic mice immunostained with anti-GFP anti-
body (Figure 3). By analyzing the full-length of 13 trans-
verse branches and 3 segments of ascending branches,
all in the molecular layer, we measured the number of var-
icosities, synapses, and contacts (Table 1). In this study,
dendrites of Purkinje cells and interneurons were distin-
guished by the location of asymmetrical contacts: on den-
dritic spines in the former and dendritic shafts in the latter.
Ascending branches frequently formed large varicosities
(12.84/100 mm of measured branch length) and made
numerous asymmetrical CF-Purkinje cell synapses
(36.70/100 mm) (Figures 3A and 3G). In addition, we found
membrane apposition or contact between ascending
branches and interneuron dendrites (9.26/100 mm) (Fig-
ures 3B and 3H). These contacts lacked the postsynaptic.
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Motility of Mature Climbing Fiber Axons In VivoFigure 2. CF Transverse Branches in the
Perfusion-Fixed Cerebellum of a Trans-
genic Mouse that Expresses tauGFP in
a Subset of Olivary Neurons Have Vari-
cosities that Are Mostly VGluT2 Negative
(A) A low-magnification view of GFP immuno-
staining in a horizontal slice derived from a
neuropeptide Y (NPY)-tauSapphireGFP BAC
transgenic mouse. Only subsets of CFs ex-
press GFP.
(B) A higher-magnification view of the area
outlined by yellow dashed box in (A) showing
various length and shapes of transverse
branches.
(C1–C3) GFP (green) and vesicular glutamate
transporter 2 (VGluT2, red) double immunos-
taining inahorizontal sliceof theGFP transgenic
mouse. White arrowheads indicate the VGluT2-
negative varicosities on transverse branches.
(D) An example of a very long (>300 mm path
length) transverse branch.
(E andF)GFPandVGluT2double immunostain-
ing in the area outlined by yellow dashed boxes
in (D). (E) and (F) correspond to left and right yel-
low dashed boxes, respectively. The former
shows some rare VGluT2-postive transverse
branch varicosities.
(G) Histogram showing the number of VGluT2-
positive and -negative varicosities on the as-
cending and transverse branches as a function
of size.specialization typical of asymmetrical synapses. Previous
work has shown that climbing fiber-interneuron contacts
express Kv4.3 A-type K+ channels instead of ionotropic
glutamate receptors (Kollo et al., 2006).
By comparison, transverse branches were character-
ized by the scarcity of varicosities (2.67/100 mm), CF-Pur-
kinje cell asymmetrical synapses (0.25/100 mm), and
CF-interneuron contacts (0.51/100 mm) (Figures 3C–3E,
3G, and 3H). Of the rarely found synapses and contacts,
two out of two CF-Purkinje cell synapses were formed
very close to the point of origin from ascending branches,
while CF-interneuron contacts occurred at any portion of
transverse branches (Table 1; Figure 3C). Furthermore,
we encountered an unusual interaction between CF trans-
verse branches and parallel fiber-Purkinje cell synapses:
direct contact with Purkinje cell spines without interveningNglial sheets (white arrows in Figures 3E3 and 3F), small
protrusion of Purkinje cell spines toward transverse
branches (white arrow in Figure 3E3 high-mag), and invag-
ination of transverse branches into parallel fiber terminals
and vice versa (double arrows in Figure 3F). CFs are also
known to innervate NG2-positive glial cells in the cerebel-
lar cortex, and elicit AMPA receptor responses (Lin et al.,
2005). To test whether this is the case for CF transverse
branches, we performed double immunofluorescence
for GFP and NG2. No anatomical relationship was seen
between transverse branches and processes of NG2-pos-
sitive cells (Figure S2). Thus, transverse branches differ
from ascending branches in that the former very rarely
form conventional asymmetrical synapses to any neural
elements (although some structural interaction with paral-
lel fiber-Purkinje cell synapses occur).euron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 475
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Motility of Mature Climbing Fiber Axons In VivoFigure 3. CF Transverse Branches Fail to Form Conventional Asymmetrical Synapses
Marks at the upper right corner identify the particular climbing fiber analyzed, as summarized in Table 1. To allow for easier recognition of cellular
elements, Purkinje cell dendrites and spines have been shaded green; parallel fibers, blue; and interneurons, yellow.
(A and B) Electron micrographs showing ascending branches of CFs (AsCF), which form conventional asymmetrical synapses (arrows in [A]) and con-
tact with interneuron dendrite (In) (arrowheads in [B]). PCD, Purkinje cell dendrite; PF, parallel fiber; Sp, spine.
(C) An electron micrograph showing a CF transverse branch (TrCF) that contacts an interneuron dendrite (arrowheads).
(D) A traced image of a typical transverse branch. The boxed region is shown as serial electron micrographs in (E).
(E) Representative serial electron micrographs for a swelled ending of transverse branches. Note that this swelling forms no conventional asymmet-
rical synapses with any neural elements. Occasionally, transverse branches contact the head of a Purkinje cell spine (arrows, E3 high-mag), but no
postsynaptic membrane specialization is seen at these unusual contacts. This spine (asterisks) originates from a dendrite at the lower right corner of
(E2) (double arrowheads), and forms an asymmetrical synapse with a parallel fiber (PF) (arrowheads, E3 high-mag).
(F) An electron micrograph of a transverse branch, which contacts a Purkinje cell spine (white arrow), and invaginates into the parallel fiber terminal
(double arrows). This spine forms an asymmetrical synapse with a parallel fiber terminal (white arrowhead).
(G and H) Graphs showing the number of CF-Purkinje cell synapses (G) and CF-interneuron contacts (H) per 100 mm of ascending and transverse
branches.CF Transverse Branches Show Action
Potential-Driven Ca2+ Transients
The finding that most CF transverse branches fail to form
even a single conventional synapse suggests that they
might not serve to conduct action potentials at all. To
address this question, action potential-evoked Ca2+ tran-
sients were measured in varicosities on the transverse476 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier Incbranches in acute brain slices (Figure 4). CFs were
colabeled with Alexa Fluor 594 and Oregon green 488
BAPTA-1 (a Ca2+ indicator), and the ascending and trans-
verse branches originating from the same CF axon were
identified in horizontal cerebellar slices from adult mice
using single-photon imaging of Alexa Fluor 594 fluores-
cence. The ascending branches were then electrically.
Neuron
Motility of Mature Climbing Fiber Axons In VivoTable 1. Analysis of CF Transverse Branch and Ascending Branch Morphology by Serial Immunoelectron
Microscopy
No. Type Length (mm)
No. of Varicosity





1 (T1a) Transverse 31.5 1 (0.42) 0 0
2 (T1b) Transverse 14.0 0 0 0
3 (T2) Transverse 59.3 2 (0.53, 1.20) 0 0
4 (T3) Transverse 75.3 3 (1.00, 1.13, 0.73) 0 1
5 (T4a) Transverse 72.4 2 (0.58, 0.46) 0 0
6 (T4b) Transverse 42.9 1 (0.54) 0 1
7 (T4c) Transverse 22.7 1 (0.63) 0 1
8 (T6a) Transverse 72.4 2 (0.83, 0.88) 1a 1
9 (T6b) Transverse 55.0 1 (0.54) 0 0
10 (T6c) Transverse 34.3 1 (0.35) 1a 0
11 (T7) Transverse 52.2 1 (0.52) 0 0
12 (T8) Transverse 167.6 4 (0.57, 0.43, 0.86, 1.43) 0 0
13 (T9) Transverse 86.7 2 (1.07, 0.96) 0 0
14 (A1) Ascending 24.7 3 (0.83, 1.25, 1.83) 10 2
15 (A2) Ascending 12.3 2 (1.00, 1.25) 6 2
16 (A3) Ascending 17.5 2 (0.67, 1.92) 4 1
a These synapses were very close to branching point from ascending climbing fibers.stimulated by a train of three pulses at 10 Hz and resultant
fluorescent changes of Oregon Green 488 BAPTA-1 were
measured from varicosities on the ascending and trans-
verse branches simultaneously (Figure 4B). We employed
single-photon excitation with a partially opened pinhole,
because the varicosities on the ascending and transverse
branches were mostly not on the same z plane, which
makes it difficult to perform simultaneous imaging inNtwo-photon mode. As shown in Figure 4B, stimulation of
ascending branches evoked a clear and fast Ca2+ tran-
sients even in the small varicosities (smaller than 1 mm2)
on the transverse branches, which were most likely
VGluT2 negative (Figure 2G). The time course of the
Ca2+ transients was similar between varicosities on the
ascending and transverse branches even though they
are separated by 30 mm. While the detailed temporalFigure 4. Action Potential-Evoked Fast
Ca2+ Transients Are Observed in the
Small Varicosities on the CF Transverse
Branches
(A) Exemplar two-photon images of CF in acute
cerebellar horizontal slices of adult mouse.
These are projected images from z stacks.
The CFs were labeled with olivary injection of
Alexa Fluor 594 dextran, to show morphology,
and Oregon green 488 BAPTA-1 dextran,
a Ca2+ indicator. White rectangles in the im-
ages represent the area where Ca2+ imaging
was performed using single-photon excitation.
(B) A CF was electrically stimulated with a train
of three pulses (10 Hz) and the resultant
fluorescent changes of Oregon green 488
BAPTA-1 were measured from varicosities on
the ascending (yellow rectangles) and trans-
verse branch (red rectangles) simultaneously.
Lower traces show the relative fluorescent
changes. Color coding of the traces corre-
spond to the upper panels. Images were
acquired at the rate of 14 Hz for (B1) and (B2)
and 20 Hz for (B3).euron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 477
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slow sampling rate (14–20 Hz), this finding suggests that
action potentials actively propagate in the transverse
branch and that voltage-gated Ca2+ channels were ex-
pressed at or near the varicosities.
Time-Lapse Imaging of CFs In Vivo over an Interval
of Hours
The clear anatomical and functional differences between
CF ascending branch and transverse branch provides
a useful model system to study branch type-specific mo-
tility of axons. To examine the dynamic motility of both the
ascending and transverse branches, we performed in vivo
time-lapse imaging through the intact thinned skull (n = 9
CFs from 8 mice). We found that if the skull was abraded
to yield a thickness of 20 mm, CFs could be clearly re-
solved to a depth of 80 mm below the cortical surface.
CFs were imaged at 1 hr intervals for 3 hr, and the struc-
tural properties of the ascending and transverse branches
were analyzed. The ascending branches were very stable
and no clear structural change was observed (Figure 5).
Varicosities of the ascending branches, irrespective of
their size, were very stable and there was little appear-
ance, disappearance, or translocation of varicosities dur-
ing the 3 hr of observation period. However, the transverse
branches were motile and some of them showed exten-
sion and retraction (Figure 6A). Most of the varicosities
on the transverse brancheswere small and highly dynamic
(Figure 6B).
To characterize the dynamic properties of the trans-
verse branches in more detail, we first compared the
Figure 5. CF Ascending Branches Are Static
Exemplar time-lapse images of CF ascending branches and their var-
icosities over a 3 hr monitoring period. Two different preparations are
shown.478 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier Incfraction of dynamic varicosities on the ascending and
transverse branches. In total, 148 varicosities on ascend-
ing branches and 25 varicosities on transverse branches
were analyzed. A varicosity was considered ‘‘dynamic’’ if
it appeared, disappeared, or translocated over the 3 hr
monitoring period. The position of varicosities can shift
slightly in any directions due to both fast brain pulsation
and slow rotational drift. Therefore, only a varicosity show-
ing positional change larger than a conservative index of
measurement noise (see Experimental Procedures) was
scored as translocated. As shown in Figure 7C, only
1.4% of varicosities on the ascending branches were dy-
namic (2 out of 148: 1 translocated and then disappeared,
1 disappeared). However, 36% of varicosities on the
transverse branches were dynamic (9 out of 25: 4 ap-
peared, 1 translocated; 1 appeared and then disap-
peared; 1 appeared and then translocated; 1 translocated
and then disappeared; 1 appeared, translocated, and then
disappeared). The fraction of dynamic varicosities was
significantly higher on the transverse branches than on
the ascending branches (p < 0.01, c2 test).
Both of two dynamic varicosities on the ascending
branches were small (smaller than 1 mm2). To determine
whether varicosities on the transverse branches were
more dynamic just because they were small, we first ex-
amined the distribution of dynamic varicosities as a func-
tion of size (Figures 7A and 7B). Although the average size
of varicosities on the transverse branches was signifi-
cantly smaller than those on the ascending branches, six
dynamic varicosities on the transverse branches were
larger than 1 mm2 (Figure 7B; sizes were between 1 and
2 mm2). Considering that 61 varicosities belonging to the
same size category on the ascending branches were
all stable (Figure 7A), varicosities on the ascending and
transverse branches are likely to have distinct dynamic
characteristics. Second, we compared the subpopulation
of varicosities smaller than 2 mm2 between ascending
branches and transverse branches, because varicosities
larger than 2 mm2 were all stable irrespective of their loca-
tion. Although the average size of varicosities in this sub-
population did not significantly differ between two groups
(ascending branches = 1.37 ± 0.05 mm2, n = 81; transverse
branches = 1.22 ± 0.09 mm2, n = 22; p > 0.1, Mann-Whit-
ney U test), the fraction of dynamic varicosities was still
significantly higher on the transverse branches than as-
cending branches (Figure 7D; p < 0.01, c2 test). Thus, var-
icosities on the transverse branches were not more
dynamic simply because they were small.
We next quantified the fraction of motile transverse
branches that underwent detectable extension and re-
traction. The path length of each transverse branch was
measured, and its time-dependent changewas compared
to an index of measurement noise. Measurement noise
was estimated by time-dependent changes of distances
between pairs of fiducial points (Experimental Proce-
dures). A transverse branch was scored as motile if it
showed larger elongation or retraction than a conservative
measurement of measurement noise at any time point. In.
Neuron
Motility of Mature Climbing Fiber Axons In VivoFigure 6. CF Transverse Branches Are
Dynamic
Exemplar time-lapse images of CF ascending
branches and their varicosities over a 3 hrmon-
itoring period in two different preparations.
(A) Yellow arrowheads indicate two different
transverse branches that undergo elongation.
(B) An example of dynamic motility of varicosi-
ties on the transverse branches. Stable (blue
arrowhead) and dynamic (red arrowhead) vari-
cosities were both observed. Red asterisks
indicate non-CF labeling at the pial surface.total, 40 transverse branches were analyzed (range, 2.5–
103.2 mm) and 10 of 40 (25%) were motile (Figure 8C).
Of these 10 motile branches, 6 displayed extension
(range, 2.3–8.4 mm) and 4 retraction (range, between 2.3
and 4.3 mm). The average change of the 10 motile
branches and all 40 branches at the 3 hr time point was
1.1 mm and 0.1 mm, respectively, suggesting that the rapid
extension and retraction were almost offsetting in the CFs
of adult mice. Are the short transverse branchesmoremo-
tile than the long transverse branches? To answer this
question, we examined the distribution of stable and mo-
tile branches as a function of path length (Figure 8B). Al-
though most of motile branches were shorter than 10
mm, there was no significant difference in length between
stable and motile branches (Kolmogorov-Smirnov Test;
p > 0.2), suggesting that the motility of the transverse
branch is not solely determined by its length.
Time-Lapse Imaging of CFs In Vivo over an Interval
of Days
Wehave shown that25%of CF transverse branches and
36%of transverse branch varicosities aremotile over a 3
hr monitoring period (Figures 7 and 8). Does this represent
a functionally distinct subclass of transverse branch axons
that would continue to be motile or would imaging over
days toweeks reveal that over this timescale amuch larger
proportion of transverse brancheswould bemotile? Toad-
dress this question, viral infection of olivary neurons withNeadeno-associated virus type 8-enhanced green fluores-
cent protein (AAV8-EGFP) was used to drive expression
of stable fluorescent proteins. However, even optimal ex-
pression of EGFP in CFs yielded much less fluorescence
than injection of dextran-conjugated Alexa Fluor 594. As
a consequence, the thinned skull technique was set aside
and replacedwith a cranial-windowmethod that offers su-
perior and more stable optical clarity. Although recent
work has shown that cranial-window technique engages
a persistent inflammatory cascade (indexed by immuno-
histochemistry to reveal activatedmicroglia) thatmay influ-
ence the motility of dendritic spines in neocortex (Xu et al.,
2007), our cranial window preparation did not induce
microglial activation either 1 or 10 days after surgery in
the molecular layer of cerebellar cortex, when it was per-
formed successfully (see Supplemental Results, Supple-
mental Experimental Procedures, and Figure S3).
Nine days after cranial window surgery, the first imaging
sessionwasundertaken, and thiswas repeated at intervals
of 2 to 4 days, for a total duration of 6 to 10 days (n = 4 CFs
from 2 mice, Figure 9). Varicosities were scored as stable
or dynamic using the same criteria outlined for the 3 hr du-
ration imaging experiments. This revealed that 7.5%of as-
cending branch varicosities and 69.2% of the transverse
branch varicosities were dynamic over the 6–10 day mon-
itoring period (Figure 9B). This difference was statistically
significant (p < 0.001, c2 test). Furthermore, 73% of trans-
verse branches showed significant changes in length overuron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 479
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Branches Are Much More Dynamic
Than Those on Ascending Branches
(A and B) The distribution of stable and dy-
namic varicosities as a function of varicosity
size. (A) and (B) show ascending and trans-
verse branches, respectively.
(C and D) The fraction of dynamic varicosities
on the ascending and transverse branches.
(C) and (D) represent total populationandasub-
population (varicosities smaller than 2 mm2),
respectively. Insets show the average size of
varicosities in the given population.
Error bars indicate standard error of mean.this period (Figure 9C). Thus, there are two main conclu-
sions that can be drawn from this longer time-scale imag-
ing. First, the transverse branch remainsmuchmoremotile
than the ascending branch, even over a 610 day long
monitoring period. Second, it appears that, when mea-
sured over a longer time period, a large fraction of trans-
verse branches and varicosities, not just a small subset,
are motile in the adult cerebellum.
Time-Lapse Imaging of CFs In Vivo with
Pharmacological Stimulation of Olivary Firing
It is not known if electrical activity can influence axonal
motility in the mature brain. The CF provides a useful480 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier Incmodel system to address this question, because its elec-
trical activity is easily manipulated by systemic adminis-
tration of the drug harmaline. Harmaline, a plant-derived
indole alkaloid, is known to induce a characteristic tremor
due to synchronous activation of olivary neurons and an
increase in their firing activity from a basal frequency of
1 Hz to 8–10 Hz (Bernard et al., 1984; LeDoux and
Lorden, 2002; Llinas and Volkind, 1973). The harmaline-
induced tremor is mediated by increased CF activity, be-
cause lesions of the inferior cerebellar peduncles, which
disrupt the olivo-cerebellar pathway, suppress tremor in-
duction, while leaving the increased activity of olivary neu-
rons intact (Llinas and Volkind, 1973).Figure 8. CF Transverse Branches Show
Rapid Elongation and Retraction
(A) Examples of elongating and retracting trans-
versebranches from twodifferent preparations.
(B) Distribution of stable and motile transverse
branches as a function of branch path length.
(C) Length change of the CF transverse branch
over 3 hr. Each symbol represents an individual
transverse branch. Measurement noise at each
time point was calculated (see Experimental
Procedures) and indicatedasbluedashed lines.
Black symbols represent branches where the
changes in length did not exceed our index of
measurement noise. Red closed symbols and
opensymbols represent elongating and retract-
ing branches, respectively..
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(A) The CF of an4- to 6-week-oldmousewas labeled with olivary injection of EGFP-expressing AAV8 vector and, following an interval of 2–3months
to allow for protein expression and transport, surgery to create a cranial windowwas performed. After a 9 day postsurgery recovery period, CFs were
imaged in vivo for 6–10 days. (Top row) An example of a newly appeared varicosity on the ascending branch (red arrows). Yellow arrowheads indicate
transverse branches that underwent dynamic morphological change. (Second row) An example of a varicosity on the ascending branches that dis-
appeared (blue arrows). (Third and bottom rows) Examples of transverse branches that underwent dynamic morphological changes. Individual trans-
verse branches in a given row are marked with a unique color of arrowhead.
(B) The fraction of dynamic varicosities on the ascending and transverse branches, over 6–10 days.
(C) Length change of CF transverse branches over 6–10 days.To examine the effects of increased olivary firing on CF
motility, we performed time-lapse in vivo imaging over
a3hr interval, togetherwith systemic administration of har-
maline or a saline control. Imagingwasperformed1dayaf-
ter the craniotomy. Harmaline (50 mg/kg, n = 5 mice) or
normal saline (0.9% NaCl, n = 4 mice) was given subcuta-
neously 20 min after the first imaging session, by which
time all the mice showed voluntary movement indicating
at least partial recovery from anesthesia. Harmaline treat-
ment induced a strong tremor in all mice within 30 min and
the tremor lasted until the mice were reanesthetized prior
to the second imaging session (3 hr time point), indicating
that the increase of CF activity was sustained for at least
2 hr before the second imaging session. Dynamic changes
of varicosity and transverse branch motility were quanti-Nfied using the same criteria employed previously (Fig-
ures 7–9) and comparisonweremade between the harma-
line and saline groups (Figure 10). This revealed that 14.2%
of transverse branches in the saline group showed signifi-
cant change in length over this period, whereas only 2%of
transverse branches in the harmaline group did
so (Figure 10A). The difference between the two groups
was statistically significant (p < 0.05, c2 test). Thus, rapid
elongation and retraction of CF transverse branches was
suppressed by a treatment that increased presynaptic
firing.
On the other hand, the fraction of dynamic varicosities
on the transverse branches, while reduced by harmaline
treatment, was not statistically significant (27.8% in the
saline group and 18.8% in the harmaline group, p > 0.3,euron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 481
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varicosities in the ascending branch was not altered by
harmaline treatment (0.9% in the saline group and 1.4%
in the harmaline group, p > 0.6, c2 test). The transverse
branch varicosities remained much more motile than the
ascending branch varicosities even in the harmaline group
(p < 0.001, c2 test). These data suggest that the dynamic
properties of varicosities were not significantly affected by
harmaline treatment and its associated increase in pre-
synaptic firing.
The fraction of dynamic varicosities and motile trans-
verse branches in the saline group (Figure 10) appeared
to be smaller than those reported previously in Figures 7
and 8. Although these differences were not statistically
significant, it is worth noting some important differences
Figure 10. Harmaline-Induced CF Stimulation Suppresses
Rapid Elongation and Retraction of CF Transverse Branches
(A) Length change of the CF transverse branch over 3 hr under control
condition (left) or harmaline-induced tremor (right). Each symbol re-
presents an individual transverse branch. Black symbols represent
branches where the changes in length did not exceed our index of
measurement noise (blue dashed lines). Red closed symbols and
open symbols represent elongating and retracting branches, respec-
tively. Images above the graph are examples of elongating and retract-
ing transverse branches from saline (left) and harmaline (right) treated
mice. Yellow and green arrowheads indicate transverse branches that
underwent elongation and retraction, respectively.
(B) The fraction of dynamic varicosities on the ascending and trans-
verse branches from saline (left)- and harmaline (right)-treated mice.482 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier Incin the experimental conditions between the two data
sets. First, there are four time points (0, 1, 2, and 3 hr) in
the time-lapse images in Figures 5–8, while only two
time points (0 and 3 hr) are available in the time-lapse im-
ages in Figure 10. Therefore, the chance of missing some
transient change is higher in the latter experiment. Sec-
ond, mice were under anesthesia all the time during the
3 hr imaging period in the experiments of Figures 5–8,
while they were recovered from anesthesia in the interval
between the 0 and 3 hr time points in Figure 10. Recently,
Bengtsson and Jorntell (2007) reported that ketamine/xy-
lazine anesthesia blocked sensory-evoked CF responses
by more than 90%, suggesting that this treatment might
affect CF firing.
DISCUSSION
There are twomain findings of this study. First, axonal mo-
tility in the intact adult cerebellum does not depend only
upon the presynaptic cell of origin: the transverse branch
of the CF is highly motile while the ascending branch, orig-
inating from the same parent CF axon, is nearly static.
Second, harmaline injection, a treatment that produces
strong and synchronous spiking of olivary neurons, re-
sulted in a near-complete blockade of dynamic length
changes of transverse branches in vivo.
CF transverse branches in the adult cerebellum retain
a high degree ofmotility and fail tomake conventional syn-
aptic contacts. This motility, measured over a 3 hr period,
is evident as changes in length, both elongation and re-
traction, as well as in the motility of varicosities, as evi-
denced by their appearance, disappearance, and translo-
cation. This is in marked contrast to the CF ascending
branch which makes extensive conventional synaptic
contacts with a Purkinje cell and shows essentially no
changes in either length or varicosities over a 3 hr monitor-
ing period. When the monitoring period was extended to
6–10 days, the differences between ascending and trans-
verse branches were maintained and extrapolated.
Previous work, confirmed herein, has shown that the as-
cending branch of the climbing fiber forms a large number
of densely packed varicosities, almost all of which contain
synaptic vesicles, as indicated in both electron micro-
graphs (Hamori and Szentagothai, 1966; Palay and
Chan-Palay, 1974) and in light microscopy coupled with
immunohistochemistry for the vesicle marker protein
VGluT2 (Miyazaki et al., 2004). Previous light microscopy
has described transverse brancheswith amaximum length
of 20 mm that sometimes passed near to interneuron so-
mata (Sugihara et al., 1999). Here, we show that transverse
branches can range in length from 5–300 mm and that
they form smaller and much sparser varicosities. More im-
portantly, both serial electronmicroscopy and lightmicros-
copy with VGluT2 immunohistochemistry have indicated
that most transverse branches fail to make even a single
conventional synaptic contact. Thus, the transverse
branches of the CF constitute a motile, asynaptic pool of
axons in the intact adult cerebellar cortex..
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motility in the adult neocortex (De Paola et al., 2006; Ma-
jewska et al., 2006; Stettler et al., 2006), measured over
days to weeks, and extend them in several important
ways. First, it appears that different branches of the
same parent olivocerebellar axon, which are functionally
and anatomically distinct, can show dramatically different
degrees of motility. Second, this motility is evident over
the time scale of hours. It does not require days to beman-
ifest. Third, the present findings show that motile axons
are found in a brain region other than the neocortex, sug-
gesting that axonal motility in the adult is not restricted to
the evolutionarily newest portion of the brain. Fourth, the
observation that harmaline treatment blocks dynamic
length changes of transverse branches suggests that pre-
synaptic spiking rate can affect axon dynamics in the adult
brain.
Previous work has shown that spontaneous Ca2+ tran-
sients and evoked firing of presynaptic neurons can influ-
ence the rate and direction of growth cone and filopodial
movement in developing axons (Ibarretxe et al., 2007;
Spitzer, 2006; Tashiro et al., 2003). Perhaps some of these
mechanisms are retained or adapted in adult brain tissue.
However, presynaptic spiking rate is an intrinsic factor that
can influence branch motility in entire axons. Are there
other factors that can influences axonal branch motility
locally? Previous work using zebrafish and Xenopus tad-
poles has shown that axonal branch dynamics of develop-
ing retinal ganglion cells are locally stabilized by synaptic
maturation in the optic tectum (Meyer and Smith, 2006;
Ruthazer et al., 2006). This general idea, that synaptic for-
mation and maturation stabilizes axonal dynamics is also
reflected in the present work: the ascending branch of the
CF forms many synapses and it is weakly motile, while the
transverse branch of the climbing fiber fails to form con-
ventional synapses and is highly motile. It’s surprising,
however, that an asynaptic motile axon is retained in the
adult brain.
There are several caveats which should be sounded in
interpreting the present data. First, all of the measure-
ments of axonal motility were made in anesthetized ani-
mals. Therefore, if anesthesia, or the particular combina-
tion of anesthetics used herein, affected axonal motility,
this could affect our results. Second, although we have
taken pains to minimize surgical trauma to create the
viewing port for in vivo imaging, it is possible that some
trauma or inflammation did occur and could impact axonal
motility. However, we think that this is unlikely given that
our optimized craniotomy protocol did not recruit micro-
glial activation measured either 1 or 10 days after surgery.
Third, some of the smallest structures imaged in vivo and
in brain slices (fine caliber axons and small varicosities) are
at or just below the diffraction-limited resolution of two-
photon microscopy. Thus, it is possible that the absolute
size of small structures has been systematically overesti-
mated. However, it is unlikely that this limitation of resolu-
tion would significantly bias our measurements of either
axonal motility or the relative sizes of varicosities.NeTo our knowledge, a pool of adult motile asynaptic
axons, like the CF transverse branches described herein,
has not been previously reported in any brain region. The
function of these axons is not clear. They show regenera-
tive conduction of action potentials as indicated by rapid
spike-evoked Ca2+ transients. They are unlikely to merely
represent a class of persistent filopodia as they range from
5–300 mm in length. One possibility is that they do convey
spike-driven information to other cells, but mostly not
through conventional synaptic transmission. They might
release messenger molecules like CO or lipid metabolites
that are not stored in vesicles. Another possibility is that
they release conventional fast neurotransmitters like glu-
tamate, but through nonvesicular means such as reversed
transporter action (Szatkowski et al., 1990). Yet another
suggestion is that CF transverse branches may signal
through K+ efflux, detected by specialized domains on
interneurons in which the Kv 4.3 channel is expressed at
high density (Kollo et al., 2006). Electron microscopic im-
munohistochemistry for the molecules underlying these
various nonvesicular signaling cascades may be instruc-
tive in this regard.
One interestingobservation regarding transversebranch
function involves their behavior in a model of sprouting/
regeneration (Rossi et al., 1991). Following a subtotal lesion
of the olivewith 3-acteylpyridine in young adult rats, surviv-
ing CFs sprout to make contact with adjacent denervated
Purkinje cells. This process, which takes days toweeks, in-
volves elaboration and thickening of a transverse branch
which becomes the origin for CF sprouting to contact
a neighboring Purkinje cell. At present, the exact relation-
ship between the sprouting transverse branches observed
by Rossi et al. (1991) in fixed tissue and the dynamic trans-
verse branches observed herein is not clear. However, it is
possible that dynamic transverse branches may have
a special role in regeneration or functional recovery.
Do transverse branches respond to some of the extrin-
sic attractive and repulsive cues known to guide growing
axons during development or regeneration? Does the
elongation and retraction of transverse branches require
cytoskeletal dynamics as seen in development (such as
microtubule or actin polymerization) (Dent and Gertler,
2003)? Perhaps the most interesting question is ‘‘What is
the physiological function of transverse branches in the
adult cerebellar cortex?’’ Perhaps this will be illuminated
by long-term imaging studies under various manipula-
tions, such as brain injury or cerebellar-dependent learn-
ing tasks. It will also be useful to determine if asynaptic




CFs were labeled by inferior olive injection of Alexa Fluor 594 (for short-
term imaging) or adeno-associated virus type 8 (AAV8) expressing
EGFP (for long-term imaging). The injection procedure was modified
from that of Nishiyama and Linden (2004). For short-term (3 hr) imaging
experiments, adult C57BL/6 mice (3–4 months old) were anesthetizeduron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 483
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Motility of Mature Climbing Fiber Axons In Vivowith an intraperitoneal injection of ketamine (100 mg/kg), xylazine
(10 mg/kg), and acepromazine (1 mg/kg) and placed in a stereotaxic
device (Stoelting). The dorsal neck muscles were retracted to expose
the dura over the foramen magnum, and a small opening was then
made in the dura to expose the brainstem. A glass pipette with 40–
50 mm tip diameter was filled with mineral oil and connected to a Ham-
ilton syringe. The tip of the glass pipette was then front-filled with
0.5 ml of Alexa Fluor 594 dextran (Molecular Probes) dissolved in
phosphate-buffered saline (PBS) at a concentration of 10%. Injections
were made unilaterally at themidline, at themidpoint between the cau-
dal edge of the cerebellar cortex and the C1 cervical vertebra, at
a depth of 1.8–1.9 mm. The pipettes were set at an angle 54–58
from vertical and 7 from the midline. A dye volume of 0.1–0.2 ml was
delivered with a syringe pump over a 20 min period. The pipettes
were left in place for 15 min before they were withdrawn.
For long-term (6–10 days) imaging experiments, juvenile C57BL/6
mice (4–6 weeks old) were injected with AAV8 expressing EGFP under
the control of a CBA promoter (CBA, hybrid cytomegalovirus immedi-
ate early enhancer/chicken beta-actin promoter). The virus was gener-
ously provided by Dr. Miguel Sena-Esteves of Harvard University
(Broekmanet al., 2006). A volumeof 0.1–0.2ml (containing2.6–5.23109
genome copies) was injected into the inferior olive as described
above with slightly different stereotaxic coordinates (at an angle of
58–60 from vertical and 7 from the midline, at a depth of 1.6–
1.7 mm).
Animal Preparation and Short-Term In Vivo Imaging under
Continuous Anesthesia
After a survival period of 4–7 days following Alexa Flour 594 injection,
mice were anesthetized with an intraperitoneal injection of ketamine
(90 mg/kg) and xylazine (9 mg/kg) and placed in a custom-made ste-
reotaxic microscope stage. The skull over the cerebellar hemisphere
contralateral to the injection site was exposed and glued to a thinmetal
plate with a center hole for skull access. The metal plate was then
glued to the ear bars of the stereotaxicmicroscope stage for additional
mechanical stability. A small region (1mm in diameter) of the skull ex-
posed through the center hole was carefully thinned with a high-speed
dental drill (Dremel). The cranial surface was periodically bathed in sa-
line and drilling was intermittent to ensure that the underlying cortex
was not damaged due to excessive heat from drill bit rotation. The skull
thinning was completed by scraping the skull with a microsurgical
blade (Surgistar #6400) to achieve a final thickness of20 mm. The im-
aging session began immediately after the surgery. Images of labeled
CFs were taken every 1 hr for 3 hr. Body temperature was maintained
at 37C with a thermostat-controlled warming blanket (Stoelting)
during the surgery and following imaging session. Anesthesia was
monitored by breathing rate and foot-pinch reflex, and additional
doses of anesthetic were given during the imaging session as needed.
This protocol corresponds to the experiments shown in Figures 5–8.
Animal Preparation and Short-Term In Vivo Imaging
with Harmaline Administration
After a survival period of 4–7 days following Alexa Flour 594 injection,
mice were anesthetized and a thin metal plate with a center hole was
attached to the skull as described in the previous section. The metal
plate was then secured to the ear bars of the stereotaxic microscope
stage with binder clips. A small craniotomy (1.83 1.8 mm in diameter)
was made on the skull above the cerebellar vermis with a stereotaxic
flexible shaft drill (Stoelting) and micro trephine (hollow-core drill,
Fine Science Tools) in order to avoid any downward pressure on the
skull in the center of the craniotomy. Drilling was stopped before the
trephine penetrated the skull and an island of bone was removed by
fine forceps with great care not to apply any downward pressure to
the underlying brain surface. The craniotomy was sealed with agarose
(Sigma #A9793, 1.5% in HEPES-buffered artificial cerebrospinal fluid);
a coverslip and dental cementwere applied at the edges tomake a cra-
nial window. Mice were then returned to individual cages.484 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier InA one day interval between surgery and imaging was required for
two reasons. (1) Local pressure changes caused by the craniotomy in-
duced slow specimen drift, probably due to rotation, expansion, and/
or shrinkage of the brain. The slow drift during the imaging session was
large immediately after the surgery, but it was drastically reduced the
next day, probably because the brain had already reached a steady-
state position. (2) Although harmaline can stimulate olivary neurons
to some extent under anesthesia (Oldenbeuving et al., 1999; Sasaki
et al., 1989; Sugihara et al., 1995), mice were recovered from anesthe-
sia after the first imaging session (0 hr time point) to ensure the maxi-
mum effect of harmaline. To allow for quick recovery from anesthesia,
the dose of anesthetics was reduced. This is difficult if imaging is per-
formed immediately after the surgery.
One day after the surgery, mice were lightly anesthetized (60 mg/kg
ketamine and 6 mg/kg xylazine) and the first images of labeled CFs
were obtained. Mice were then returned to the cages. This level of an-
esthesia typically wore off within 30 min and animals mostly showed
voluntary movement within 10 min after the initial imaging session
(0 hr time point). Harmaline (50 mg/kg) or normal saline (0.9% NaCl)
were given subcutaneously 20 min after the first imaging session.
Mice were reanesthetized prior to the second imaging session to ac-
quire CF images at a 3 hr time point. This protocol corresponds to
the experiments shown in Figure 10.
Animal Preparation and Long-Term In Vivo Imaging
After a survival period of 2–3 months following viral injection, mice
were anesthetized with an intraperitoneal injection of ketamine
(90 mg/kg) and xylazine (9 mg/kg). A small dose of dexamethasone
(0.04 ml at 2 mg/ml) was administrated prior to surgery to minimize po-
tential swelling at the surgical site (Trachtenberg et al., 2002; Holtmaat
et al., 2005). A cranial window (2.53 2.5 mm in diameter) was made on
the skull above the cerebellar vermis and hemisphere as described in
the previous section. Following surgery, mice were given carprofen
(5 mg/kg with a subcutaneous injection, daily for 5 days) as an analge-
sic and returned to individual cages. The first imaging session was be-
gun 9 days following surgery. Images of labeled CFs were taken every
2–4 days for 6–10 days. This protocol corresponds to the experiments
shown in Figure 9.
Two-Photon Microscopy
The stereotaxic microscope stage was fixed on an x-y translator under
a laser-scanning confocal microscope (Zeiss LSM 510 NLO) equipped
with a 40X IR-Achroplan water immersion objective (Zeiss, 0.8 NA) and
a non-descanned photomultiplier tube (Hamamatsu) attached to the
epifluorescence port. Two-photon excitation (830 nm for Alexa Fluor
594 and 920 nm for EGFP) was provided by a Mira 900F mode-locked
Ti:Sapphire laser pumped by a 5W Verdi laser (Coherent). The emitted
light was reflected from a KP 680 dichroic mirror and passed through
two infrared blocking filters (FT680). One to three CFs per animal were
selected, and a region of interest (76.83 76.8 to 115.23 115.2 mm2) for
each CF was imaged with high resolution (1024 3 1024 pixels, 0.07
to 0.11mm/pixel). Image stacks (20–75 optical planes spaced 1 mm
apart) were mostly within 100 mmof the dura. In some cases, low-mag-
nification image stacks (46–135 optical planes, spaced 2 mm apart)
were taken after the imaging session to capture the entire view of
imaged CFs.
Image Analysis
Fast brain pulsations at the heartbeat frequency were sometimes
observed, and the images were not analyzed if amplitude of the brain
pulsations was larger than 1 mm. We analyzed the position change of
the axonal varicosities and length change of the transverse branches,
projecting mainly perpendicular to sagittal plane. Images were trans-
ferred to NIH ImageJ (http://rsb.info.nih.gov/ij/) and processed with
a median filter (2 pixel radius) to reduce shot noise in each optical
plane. Axonal branches and varicosities were identified in three-
dimensional image stacks. Structures close to the top and bottom ofc.
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cluded from analysis. Image stacks, typically consisting of 10–40 opti-
cal planes, were maximally projected, and the resultant projected
images were then aligned for time series analysis using an available
macro (rigid body function) (Thevenaz et al., 1998).
Varicosities on the CF ascending and transverse branches were
manually outlined and area and center of mass (M) of each outlined
varicosity were measured using ImageJ. Only varicosities larger than
0.5 mm2 and 2.5 times brighter than the adjacent axonal backbone
were analyzed. To characterize the location of the varicosities, we cal-
culated the displacement of the M as a function of imaging interval,
DM(t) = distance between M(0) and M(t). Preliminary observations re-
vealed that some of the varicosities on transverse branches showed
apparent positional changes, whereas varicosities on ascending
branches did not. Therefore,DMof varicosities on ascending branches
(DMasc) were used to estimate the noise level. The noise level was de-
fined as mean[DMasc(t)] + 4*SD[DMasc(t)].
The procedure for transverse branch analysis has been modified
from that of De Paola et al. (2006). The path length (L, tip to base) of
the transverse branches were measured and time dependent change
of L, DL(t) = L(t) L(0), were calculated. To estimate the noise level, we
measured the distance (D) between pairs of fiducial points. Fiducial
points were typically axonal branch points or the point of origin of
a transverse branch. Time dependent change of D, DD(t) = D(t)
and D(0) were calculated and the noise level was defined as mean
[DD(t)] ± 4*SD[DD(t)].
Immunohistochemistry and Quantification
Adult NPY-tauSapphireGFP BAC transgenic mice (3–4 months
old) were anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg) and perfused intracardially with 4% paraformaldehyde in
phosphate-buffered saline (PBS; pH 7.4) at 4C. The cerebellum was
then removed and postfixed in the same fixative for 24 hr at 4C. Hor-
izontal slices (50 mm thick) of cerebellumwere immunoreacted for 48 hr
at 4C with rabbit anti-GFP polyclonal antibody (0.9 mg/ml) and guinea
pig anti-vesicular glutamate transporter 2 (VGluT2) antiserum (Chemi-
con, 1:2000) or mouse anti-NG2 monoclonal antibody (Chemicon,
1.0 mg/ml). The slices were then incubated with the secondary anti-
bodies: Alexa Fluor 488-labeled goat anti-rabbit antibody (Molecular
Probes) and Cy3-labeled donkey anti-guinea pig antibody (Jackson
Immunoresearch) at a dilution of 1:500. Sections for GFP and NG2
were counterstained with TOTO-3 iodide (Molecular Probes). The im-
ages were acquired using a laser-scanning confocal microscope
with single-photon excitation. For quantification, GFP-positive vari-
cosities on the CF ascending and transverse branches were manually
outlined and VGluT2 expression in each outlined varicosity was exam-
ined if the varicosity was larger than 0.5 mm2 and two times brighter
than the adjacent axonal backbone.
Electron Microscopy
For serial immunoelectron microscopy, NPY-tauSapphireGFP BAC
transgenic mice (3–4 months old) were perfused intracardially with
4% paraformaldehyde/0.1% glutaraldehyde in PBS. Horizontal cere-
bellar sections (50 mm thick) were incubated with rabbit anti-GFP anti-
body (0.5 mg/ml) overnight, with biotin-conjugated goat anti-rabbit IgG
for 4 hr, and then streptavidin-peroxidase for 1 hr using an SAB-PO(R)
kit (Nichirei). Immunoreaction was visualized by 30 min incubation with
diaminobenzidine (DAB). Sections were postfixed for 30 min with 1%
osmium tetroxide in 0.1M PB, block-stained for 30 min with 2% aque-
ous uranyl acetate solution, and embedded in Epon 812 resin. Serial
ultrathin sections (70 nm in thickness) were prepared with an ultrami-
crotome (Leica Ultracut UCT), mounted on a single-slot copper grid
(1 3 2 mm) supported with a formvar membrane, and observed with
an H7100 electron microscope (Hitachi). For quantitative analyses,
the number of CF-Purkinje cell synapses and CF-interneuron contacts
per 100 mmof CF branch was calculated using IPLab software (Nippon
Roper).NCa2+ Imaging in Cerebellar Slices
The Ca2+ indicator loading procedure was modified from that of Kreit-
zer et al. (2000). CFs in adult C57BL/6 mice (3–4 months old) were
labeled with a mixture of 3.3% Alexa Fluor 594 dextran and 10% Ore-
gon Green 488 BAPTA-1 dextran, by inferior olive injection as de-
scribed above. After a survival period of 4–7 days, horizontal slices
of cerebellar vermis and hemisphere (200 mm thick) were prepared us-
ing a vibrating tissue slicer with ice-cold cutting solution containing
110 mM choline chloride, 2.5 mM KCl, 0.5 mM CaCl2, 7 mM MgCl2,
1.2 mM NaH2PO4, 2.4 mM sodium pyruvate, 1.3 mM sodium ascor-
bate, and 15 mM glucose bubbled with 95% O2 and 5% CO2. After a
recovery period of at least 1 hr in artificial cerebrospinal fluid (ACSF)
containing 124 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1.3 mM
MgCl2, 1 mM NaH2PO4, 26.2 mM NaHCO3, and 15 mM glucose, the
slices were placed in a submerged chamber that was perfused with
ACSF. CFs were stimulated through a glass pipette (2–3 mm tip diam-
eter) filled with ACSF, which was placed to directly overlie the imaged
climbing fiber as guided by the Alexa Fluor 594 fluorescence image.
The CF was activated by applying a train of three pulses (10 Hz; 10–
30 mA; 0.2 ms duration), and fluorescent changes of the Oregon Green
488 BAPTA-1 were measured at room temperature with single-photon
excitation from the 488 nm line of an Ar ion laser coupled to a laser-
scanning confocal microscope (Zeiss LSM 510 NLO). High-resolution
images of CFs were taken using two-photon excitation at the end of
the Ca2+ measurements.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/56/3/472/DC1/.
ACKNOWLEDGMENTS
We are grateful to Dwight Bergles for insightful advice throughout the
project.Wealso thankRichardHuganir for providingpolyclonalGFPan-
tibody, Jeffrey Friedman for providing NPY-tauSapphireGFP BAC
transgenic mice, Miguel Sena-Esteves for providing AAV8-CBA-EGFP
vector, andmembers of the Linden andWatanabe laboratories for help-
ful comments and discussion. This work was supported by NIMH R37
MH51106 to D.J.L., Grant-in-Aid for Scientific Research on Priority
Areas from the Ministry of Education, Culture, Sports, Science, and
Technology, Japan to M.W., and Grant-in-Aid for Young Scientists (B)
fromJapanSociety for thePromotionofScience toM.F.D.J.L. isamem-
ber of a Silvio O. Conte Neuroscience Research Center, supported by
the NIH.
Received: November 28, 2006
Revised: August 13, 2007
Accepted: September 9, 2007
Published: November 7, 2007
REFERENCES
Bellocchio, E.E., Reimer, R.J., Fremeau, R.T., Jr., and Edwards, R.H.
(2000). Uptake of glutamate into synaptic vesicles by an inorganic
phosphate transporter. Science 289, 957–960.
Bengtsson, F., and Jorntell, H. (2007). Ketamine and xylazine depress
sensory-evoked parallel fiber and climbing fiber responses. J. Neuro-
physiol. 98, 1697–1705.
Bernard, J.F., Buisseret-Delmas, C., Compoint, C., and Laplante, S.
(1984). Harmaline induced tremor. III. A combined simple units, horse-
radish peroxidase, and 2-deoxyglucose study of the olivocerebellar
system in the rat. Exp. Brain Res. 57, 128–137.
Broekman, M.L., Comer, L.A., Hyman, B.T., and Sena-Esteves, M.
(2006). Adeno-associated virus vectors serotyped with AAV8 capsid
are more efficient than AAV-1 or 2 serotypes for widespread gene
delivery to the neonatal mouse brain. Neuroscience 138, 501–510.euron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 485
Neuron
Motility of Mature Climbing Fiber Axons In VivoDarian-Smith, C., and Gilbert, C.D. (1994). Axonal sprouting accom-
panies functional reorganization in adult cat striate cortex. Nature
368, 737–740.
De Paola, V., Holtmaat, A., Knott, G., Song, S., Wilbrecht, L., Caroni,
P., and Svoboda, K. (2006). Cell type-specific structural plasticity of
axonal branches and boutons in the adult neocortex. Neuron 49,
861–875.
Denk, W., Strickler, J.H., and Webb, W.W. (1990). Two-photon laser
scanning fluorescence microscopy. Science 248, 73–76.
Dent, E.W., and Gertler, F.B. (2003). Cytoskeletal dynamics and trans-
port in growth cone motility and axon guidance. Neuron 40, 209–227.
Fremeau, R.T., Jr., Troyer, M.D., Pahner, I., Nygaard, G.O., Tran, C.H.,
Reimer, R.J., Bellocchio, E.E., Fortin, D., Storm-Mathisen, J., and Ed-
wards, R.H. (2001). The expression of vesicular glutamate transporters
defines two classes of excitatory synapse. Neuron 31, 247–260.
Fremeau, R.T., Jr., Burman, J., Qureshi, T., Tran, C.H., Proctor, J.,
Johnson, J., Zhang, H., Sulzer, D., Copenhagen, D.R., Storm-
Mathisen, J., et al. (2002). The identification of vesicular glutamate
transporter 3 suggests novel modes of signaling by glutamate. Proc.
Natl. Acad. Sci. USA 99, 14488–14493.
Gras, C., Herzog, E., Bellenchi, G.C., Bernard, V., Ravassard, P., Pohl,
M., Gasnier, B., Giros, B., and El Mestikawy, S. (2002). A third vesicular
glutamate transporter expressed by cholinergic and serotoninergic
neurons. J. Neurosci. 22, 5442–5451.
Grutzendler, J., Kasthuri, N., and Gan, W.B. (2002). Long-term den-
dritic spine stability in the adult cortex. Nature 420, 812–816.
Hamori, J., and Szentagothai, J. (1966). Identification under the elec-
tron microscope of climbing fibers and their synaptic contacts. Exp.
Brain Res. 1, 65–81.
Helmchen, F., and Denk, W. (2005). Deep tissue two-photon micros-
copy. Nat. Methods 2, 932–940.
Holtmaat, A.J., Trachtenberg, J.T., Wilbrecht, L., Shepherd, G.M.,
Zhang, X., Knott, G.W., and Svoboda, K. (2005). Transient and persis-
tent dendritic spines in the neocortex in vivo. Neuron 45, 279–291.
Holtmaat, A., Wilbrecht, L., Knott, G.W., Welker, E., and Svoboda, K.
(2006). Experience-dependent and cell-type-specific spine growth in
the neocortex. Nature 441, 979–983.
Ibarretxe, G., Perrais, D., Jaskolski, F., Vimeney, A., and Mulle, C.
(2007). Fast regulation of axonal growth cone motility by electrical
activity. J. Neurosci. 27, 7684–7695.
Ichikawa, R., Miyazaki, T., Kano, M., Hashikawa, T., Tatsumi, H., Saki-
mura, K., Mishina, M., Inoue, Y., and Watanabe, M. (2002). Distal ex-
tension of climbing fiber territory and multiple innervation caused by
aberrant wiring to adjacent spiny branchlets in cerebellar Purkinje cells
lacking glutamate receptor delta 2. J. Neurosci. 22, 8487–8503.
Ito, M. (1984). The Cerebellum and Neural Control (New York: Raven
Press).
Jones, T.A., Klintsova, A.Y., Kilman, V.L., Sirevaag, A.M., and Green-
ough, W.T. (1997). Induction of multiple synapses by experience in
the visual cortex of adult rats. Neurobiol. Learn. Mem. 68, 13–20.
Knott, G.W., Quairiaux, C., Genoud, C., and Welker, E. (2002). Forma-
tion of dendritic spines with GABAergic synapses induced by whisker
stimulation in adult mice. Neuron 34, 265–273.
Kollo, M., Holderith, N.B., and Nusser, Z. (2006). Novel subcellular dis-
tribution pattern of A-type K+ channels on neuronal surface. J. Neuro-
sci. 26, 2684–2691.
Kreitzer, A.C., Gee, K.R., Archer, E.A., and Regehr, W.G. (2000). Mon-
itoring presynaptic calcium dynamics in projection fibers by in vivo
loading of a novel calcium indicator. Neuron 27, 25–32.
LeDoux, M.S., and Lorden, J.F. (2002). Abnormal spontaneous and
harmaline-stimulated Purkinje cell activity in the awake genetically
dystonic rat. Exp. Brain Res. 145, 457–467.486 Neuron 56, 472–487, November 8, 2007 ª2007 Elsevier InLee,W.C., Huang, H., Feng, G., Sanes, J.R., Brown, E.N., So, P.T., and
Nedivi, E. (2006). Dynamic remodeling of dendritic arbors in GABAer-
gic interneurons of adult visual cortex. PLoS Biol. 4, e29.
Lin, S.C., Huck, J.H., Roberts, J.D., Macklin, W.B., Somogyi, P., and
Bergles, D.E. (2005). Climbing fiber innervation of NG2-expressing
glia in the mammalian cerebellum. Neuron 46, 773–785.
Llinas, R., and Volkind, R.A. (1973). The olivo-cerebellar system: func-
tional properties as revealed by harmaline-induced tremor. Exp. Brain
Res. 18, 69–87.
Majewska, A.K., Newton, J.R., and Sur, M. (2006). Remodeling of syn-
aptic structure in sensory cortical areas in vivo. J. Neurosci. 26, 3021–
3029.
Matsui, K., and Jahr, C.E. (2003). Ectopic release of synaptic vesicles.
Neuron 40, 1173–1183.
Matsui, K., Jahr, C.E., and Rubio, M.E. (2005). High-concentration
rapid transients of glutamate mediate neural-glial communication via
ectopic release. J. Neurosci. 25, 7538–7547.
Meyer, M.P., and Smith, S.J. (2006). Evidence from in vivo imaging that
synaptogenesis guides the growth and branching of axonal arbors by
two distinct mechanisms. J. Neurosci. 26, 3604–3614.
Miyazaki, T., Hashimoto, K., Shin, H.S., Kano, M., and Watanabe, M.
(2004). P/Q-type Ca2+ channel alpha1A regulates synaptic competi-
tion on developing cerebellar Purkinje cells. J. Neurosci. 24, 1734–
1743.
Nishiyama, H., and Linden, D.J. (2004). Differential maturation of
climbing fiber innervation in cerebellar vermis. J. Neurosci. 24, 3926–
3932.
Oldenbeuving, A.W., Eisenman, L.M., De Zeeuw, C.I., and Ruigrok,
T.J. (1999). Inferior olivary-induced expression of Fos-like immunore-
activity in the cerebellar nuclei of wild-type and Lurcher mice. Eur. J.
Neurosci. 11, 3809–3822.
Palay, S., and Chan-Palay, V. (1974). Cerebellar Cortex: Cytology and
Organizaion (New York: Springer).
Pinto, S., Roseberry, A.G., Liu, H., Diano, S., Shanabrough, M., Cai, X.,
Friedman, J.M., and Horvath, T.L. (2004). Rapid rewiring of arcuate nu-
cleus feeding circuits by leptin. Science 304, 110–115.
Popov, V.I., and Bocharova, L.S. (1992). Hibernation-induced struc-
tural changes in synaptic contacts between mossy fibres and hippo-
campal pyramidal neurons. Neuroscience 48, 53–62.
Popov, V.I., Bocharova, L.S., and Bragin, A.G. (1992). Repeated
changes of dendritic morphology in the hippocampus of ground squir-
rels in the course of hibernation. Neuroscience 48, 45–51.
Rampon, C., Tang, Y.P., Goodhouse, J., Shimizu, E., Kyin, M., and
Tsien, J.Z. (2000). Enrichment induces structural changes and recov-
ery from nonspatial memory deficits in CA1 NMDAR1-knockout
mice. Nat. Neurosci. 3, 238–244.
Rossi, F., Wiklund, L., van der Want, J.J., and Strata, P. (1991). Rein-
nervation of cerebellar Purkinje cells by climbing fibres surviving a sub-
total lesion of the inferior olive in the adult rat. I. Development of new
collateral branches and terminal plexuses. J. Comp. Neurol. 308,
513–535.
Ruthazer, E.S., Li, J., and Cline, H.T. (2006). Stabilization of axon
branch dynamics by synaptic maturation. J. Neurosci. 26, 3594–3603.
Sasaki, K., Bower, J.M., and Llinas, R. (1989). Multiple Purkinje cell re-
cording in rodent cerebellar cortex. Eur. J. Neurosci. 1, 572–586.
Schafer, M.K., Varoqui, H., Defamie, N., Weihe, E., and Erickson, J.D.
(2002). Molecular cloning and functional identification of mouse vesic-
ular glutamate transporter 3 and its expression in subsets of novel ex-
citatory neurons. J. Biol. Chem. 277, 50734–50748.
Scheibel, M.E., and Scheibel, A.B. (1954). Observations on the intra-
cortical relations of the climbing fibers of the cerebellum; a Golgi study.
J. Comp. Neurol. 101, 733–763.c.
Neuron
Motility of Mature Climbing Fiber Axons In VivoSpitzer, N.C. (2006). Electrical activity in early neuronal development.
Nature 444, 707–712.
Stettler, D.D., Yamahachi, H., Li, W., Denk, W., and Gilbert, C.D.
(2006). Axons and synaptic boutons are highly dynamic in adult visual
cortex. Neuron 49, 877–887.
Sugihara, I., Lang, E.J., and Llinas, R. (1995). Serotonin modulation of
inferior olivary oscillations and synchronicity: a multiple-electrode
study in the rat cerebellum. Eur. J. Neurosci. 7, 521–534.
Sugihara, I., Wu, H., and Shinoda, Y. (1999). Morphology of single oli-
vocerebellar axons labeled with biotinylated dextran amine in the rat. J.
Comp. Neurol. 414, 131–148.
Szatkowski, M., Barbour, B., and Attwell, D. (1990). Non-vesicular re-
lease of glutamate from glial cells by reversed electrogenic glutamate
uptake. Nature 348, 443–446.
Takamori, S., Rhee, J.S., Rosenmund, C., and Jahn, R. (2000). Identi-
fication of a vesicular glutamate transporter that defines a glutamater-
gic phenotype in neurons. Nature 407, 189–194.
Takamori, S., Rhee, J.S., Rosenmund, C., and Jahn, R. (2001). Identi-
fication of differentiation-associated brain-specific phosphate trans-
porter as a second vesicular glutamate transporter (VGLUT2). J. Neu-
rosci. 21, RC182.
Tashiro, A., Dunaevsky, A., Blazeski, R., Mason, C.A., and Yuste, R.
(2003). Bidirectional regulation of hippocampal mossy fiber filopodialNmotility by kainate receptors: a two-step model of synaptogenesis.
Neuron 38, 773–784.
Thevenaz, P., Ruttimann, U.E., and Unser, M. (1998). A pyramid
approach to subpixel registration based on intensity. IEEE Trans. Im-
age Process. 7, 27–41.
Trachtenberg, J.T., Chen, B.E., Knott, G.W., Feng, G., Sanes, J.R.,
Welker, E., and Svoboda, K. (2002). Long-term in vivo imaging of expe-
rience-dependent synaptic plasticity in adult cortex. Nature 420, 788–
794.
Woolley, C.S., Gould, E., Frankfurt, M., and McEwen, B.S. (1990). Nat-
urally occurring fluctuation in dendritic spine density on adult hippo-
campal pyramidal neurons. J. Neurosci. 10, 4035–4039.
Xu, H.T., Pan, F., Yang, G., and Gan, W.B. (2007). Choice of cranial
window type for in vivo imaging affects dendritic spine turnover in
the cortex. Nat. Neurosci. 10, 549–551.
Zuo, Y., Lin, A., Chang, P., and Gan, W.B. (2005a). Development of
long-term dendritic spine stability in diverse regions of cerebral cortex.
Neuron 46, 181–189.
Zuo, Y., Yang, G., Kwon, E., and Gan, W.B. (2005b). Long-term sen-
sory deprivation prevents dendritic spine loss in primary somatosen-
sory cortex. Nature 436, 261–265.euron 56, 472–487, November 8, 2007 ª2007 Elsevier Inc. 487
